A B s T R A C T To assess energy expenditure of the diaphragm directly, a method was devised for percutaneous catheterization of the left inferior phrenic vein in dogs. Necropsy studies, including retrograde injection of india ink and measurement of radioactivity in diaphragmatic muscle strips, suggested that the territory drained by the inferior phrenic vein was uniformly perfused, and that there were no major anastomoses between this bed and adjacent ones.
A B s T R A C T To assess energy expenditure of the diaphragm directly, a method was devised for percutaneous catheterization of the left inferior phrenic vein in dogs. Necropsy studies, including retrograde injection of india ink and measurement of radioactivity in diaphragmatic muscle strips, suggested that the territory drained by the inferior phrenic vein was uniformly perfused, and that there were no major anastomoses between this bed and adjacent ones.
Diaphragmatic blood flow (Q di) was calculated from the integrated diaphragmatic arteriovenous difference of 8'Kr by the Kety-Schmidt technique. Diaphragmatic oxygen consumption (V02 di) was determined as the product of Q di and the diaphragmatic arteriovenous oxygen content difference [ (A-V)02 di]. When lightly anesthetized dogs breathed quietly, Q di was 22+SD 6 ml/min/100 g, (A-V)02 di was 6.1+SD 2.5 ml/100 ml, and V02 di averaged 1.2+SD 0.3 ml/min/100 g. This represented 1.0±SD 0.2% of total body oxygen consumption. VO2 di remained relatively constant during quiet breathing, whereas Q di varied directly with cardiac output and reciprocally with (A-V)02 di. The oxygen consumption of the noncontracting diaphragm was 60+SD 20%-of the level measured during quiet breathing.
The energy expended by the diaphragm to support simple hyperventilation was small. A 100% increase in minute ventilation, induced by inhalation of 5% C02 in 21% or 14% 02, increased Q di 13%, (A-V)02 di 19%, and V02 di 40%. The diaphragm consumed 0.13± INTRODUCTION Diseases characterized by an increased work of breathing impose an excessive burden on the respiratory muscles. Evaluation of the ability of the respiratory musculature to sustain acute and chronic increases in work load would be enhanced greatly by knowledge of the blood flow to and oxygen consumption of individual inspiratory muscles.
Blood flow to the diaphragm and intercostal muscles has been assessed to only a limited degree. While the direction of change consequent to certain physiologic interventions has been established, accurate quantification of the level of perfusion has not been achieved (1) (2) (3) (4) . The oxygen consumption of all the respiratory muscles has been repeatedly evaluated by the indirect method of , but with the exception of preliminary results from this laboratory (14) , no data concerning direct measurement of the oxygen consumption of an individual respiratory muscle have been reported.
During an earlier study of diaphragmatic blood flow we reexamined the arrangement of the veins draining the canine diaphragm, and found that tributaries on the abdominal surface of each hemidiaphragm. join to vein and describe the methods used to measure diaphragmatic blood flow, arteriovenous oxygen difference, and oxygen consumption. Secondly, the determinants of diaphragmatic blood flow and oxygen consumption will be assessed at three levels of diaphragmatic energy expenditure: when it is not contracting, when it is supporting quiet breathing, and during hyperventilation. Finally, the report will evaluate the diaphragmatic oxygen cost of breathing, both in relation to total body oxygen consumption and in terms of the energy required to increase the minute ventilation.
METHODS

Animal preparation
All studies were performed in adult mongrel dogs weighing 17-37 kg. The animals were initially anesthetized with 25 mg/kg of pentobarbital. Upon completion of surgical procedures, the level of anesthesia was adjusted with an intravenous drip of 5% thiamylal sodium so that the inner corneal reflex was retained.
The trachea was intubated with a cuffed tube passed through the larynx. A double-lumen catheter was advanced via the right femoral vein so that the distal lumen lay in the right atrium and the proximal lumen was in the inferior vena cava. The proximal lumen was used for maintenance anesthesia, while the distal lumen was reserved for krypton infusion or dye injection. A femoral artery was cannulated. Arterial blood krypton concentration rises rapidly after the start of the infusion, and achieves stable values within minutes, whereas the inferior phrenic venous blood tracer level rises more slowly toward the equilibrium concentration. Upon abrupt cessation of the infusion, the arterial blood krypton concentration falls rapidly to near zero, while the inferior phrenic venous concentration falls at a slower rate. This is the washout phase (Fig. 2) .
Measurement of diaphragmatic blood flow
To establish the krypton concentration-time curves with accuracy, it is necessary to sample blood from the femoral artery and inferior phrenic vein at 1-2-min intervals for 15 min. The volume of the phrenic vein catheter is about 1 ml; it is flushed by withdrawing and discarding 3 ml of blood before collecting the 4 ml of blood needed for each analysis. Blood is sampled at 5-6 ml/min. This rate is similar to that used by Kety and Schmidt (16 Calculations. To apply the Kety-Schmidt analysis, it is necessary to determine both the equilibrium tracer concentration at the end of the infusion and the integrated arteriovenous difference in indicator concentration, which is graphically represented by the area between the arterial and phrenic venous concentration-time curves (Fig. 2) . The measured arterial and diaphragmatic venous blood krypton concentrations were plotted against time and fitted by eye with the best curves. Arterial krypton concentrations during the washin phase were frequently erratic, and since in preliminary studies there was no significant difference between blood flow and oxygen consumption values measured from the washin as compared to the washout phase, only data obtained during the latter period were analyzed. The diaphragmatic venous blood krypton level frequently failed to reach the arterial level within 20-40 min of infusion. When this happened, the venous level was taken as the equilibrium value, because after cessation of a prolonged infusion of either xenon or hydrogen, muscle tissue and muscle venous blood tracer levels decay at virtually the same rate (19, 20) .
To obtain the integrated arteriovenous difference, the smoothed arterial and diaphragmatic venous concentrationtime curves were read every half-min, and the difference between the curves was computed. The area between the curves, expressed as the product of the concentration difference and time in minutes, was computed as the sum of the differences for each half minute divided by two.
The venous tracer level at the end of the sampling period was usually higher than the arterial tracer level, with the result that there was a persistent arteriovenous tracer concentration difference. To complete the area between the curves, it was necessary to adopt an extrapolation procedure. The difference between recorded arterial and diaphragmatic venous tracer curves was plotted as a function of time on semilogarithmic paper. The tail end of the resultant arteriovenous difference curve was fitted with a straight line. The area between the unrecorded parts of the arterial and venous concentration-time curve was then computed as the product of the last measured arteriovenous concentration difference and the time constant of the tail of the arteriovenous concentration difference curve.
The ratio of equilibrium tracer concentration to the integrated arteriovenous tracer concentration difference equals the ratio of blood flow to the effective volume of tracer distribution in the Kety-Schmidt method (15, 16) . To convert effective volume to muscle mass, it is necessary to correct for the relative densities of blood and muscle and for the blood-muscle partition coefficient of the tracer. Since both correction factors have values near unity (21) (22) (23) , no numerical corrections was made. Thus, the formula used to calculate diaphragmatic blood flow (Q di) was Q di = 100 X (equilibrium concentration/area), in milliliters per minute per 100 grams.
The oxygen consumption of the diaphragm was calculated as the product of diaphragmatic blood flow and arteriovenous difference in oxygen content, using the formula:
where V^02 di and Q di are, respectively, diaphragmatic oxygen consumption and blood flow expressed as milliliters per minute per 100 grams, and (A-V)02 di is diaphragmatic arteriovenous oxygen content difference in ml/100 ml. Blood oxygen content was measured by the method of Van Slyke and Neill (24) .
Diaphragmatic blood flow and oxygen consumption were converted to absolute values by multiplying the value per 100 g by the weight of the diaphragm. Weight was estimated from the highly significant relationship previously established in the dog (4) 
Experimental protocol
Diaphragmatic blood flow and oxygen consumption were determined in three experimental conditions: while the animals breathed quietly; during hyperventilation induced by administration of 5% C02 in 14% or 21%o oxygen; and when the diaphragm was not contracting. During the noncontracting periods, the animals were ventilated with a volume respirator (Model 614 Respiration Pump, Harvard Apparatus Co., Inc., Millis, Mass.). Diaphragmatic contraction was abolished either by hyperventilation to the point where diaphragmatic electrical activity disappeared, or by administration of a loading dose of 20 mg of succinyl choline followed by a maintenance infusion of 1-2 mg/min.
Blood removed for measurement of krypton and dye concentrations was replaced by an equivalent volume of normal saline to prevent hypovolemia.
RESULTS
Analysis of the xenon levels in blood obtained from the left inferior phrenic vein, the thoracic portion of the inferior vena cava, and from a systemic artery during infusion of xenon into the lower inferior vena cava revealed a consistent picture (Fig. 3) . The xenon level in thoracic inferior vena cava blood rose rapidly to a plateau within two min. Radioactivity in systemic arterial blood rose slowly to 12-20% of the thoracic inferio'r vena cava level. Radioactivity in phrenic venous blood remained at background levels for i min., then rose very slowly to about I the systemic arterial level. These results were unaffected by varying the sampling rate in the inferior phrenic vein from 5 to 10 ml/min.
These observations indicate that there is no contamination of inferior phrenic venous blood with inferior vena cava blood. The only way the tracer reaches inferior phrenic venous blood is through perfusion of diaphragm muscle by xenon-labeled systemic arterial blood.
Diaphragm muscle tissue levels of AXe were measured at necropsy in three dogs. In each animal the crural muscle fibers had high levels of radioactivity per milligram wet weight, whereas the thin sheets of muscle halfway between central tendon and chest wall contained about half as much radioactivity per unit weight. Muscle obtained at the junction with the central tendon or the chest wall had intermediate levels of activity. The central tendon itself contained almost no 1'Xe. When muscle strips were exposed to air, the tissue radioactivity fell to half its original value in about 20 min. This rate is too slow to explain the differences in levels of radioactivity between the flat muscle sheet and crural portion of the diaphragm. Table I . In the healthy animals minute ventilation averaged 0.204±SD 0.069 liter/min per kg; diaphragmatic blood flow was 22+SD 6 ml/min per 100 g; the diaphragmatic arteriovenous oxygen content difference was 6.1 +SD 2.5 ml/100 ml and diaphragmatic oxygen consumption was 1.2+SD 0.3 ml/ min per 100 g. During the control period, diaphragmatic blood flow was significantly dependent on cardiac output (Fig. 4) , and the average ratio of diaphragmatic blood flow to cardiac output was 0.9±SD 0.3%. Neither diaphragmatic blood flow nor oxygen consumption was significantly related to minute ventilation during quiet breathing (Fig. 5 ).
In the animals with pneumonia, minute ventilation, diaphragmatic blood flow, oxygen extraction, and oxygen consumption were all significantly greater than in healthy dogs. The increases were roughly proportional to the gross anatomic extent of lung involvement. Dog portions of the right lung. Dog 46 had extensive bilateral congestion, edema, and consolidation. Dog 48 aspirated vomitus before intubation, and at necropsy had pneumonia involving virtually all of each lung. In contrast to healthy animals, there was a suggestive correlation between diaphragmatic blood flow and minute ventilation (n = 4, r = 0.88, t = 2.62, P < 0.1) and the correlation between diaphragmatic oxygen consumption and minute ventilation was significant (n = 4, r = 0.98, t=7.40, P<0.02). had a reciprocal relationship in healthy dogs (Table I, Fig. 6 ). Total body oxygen consumption was measured in five dogs. The absolute value of diaphragmatic oxygen consumption, obtained as the product of the oxygen consumption per 100 g and diaphragmatic weight, averaged 1.O+SD 0.2% of total body oxygen consumption during quiet breathing.
Diaphragmatic contraction was abolished by succinyl choline in two dogs and by hyperventilation with a volume respirator in three animals. The oxygen consumption of the resting diaphragm was 60±SD 20% of the value measured during quiet breathing (Table  II) . The difference between the levels of diaphragmatic oxygen consumption measured during quiet breathing and when the diaphragm was at rest was significant (t=3.50,P<0.01).
The effects on 16 dogs of breathing 5% COs in either 21% or 14% oxygen are shown in Fig. 7 . Minute ventilation rose significantly (P < 0.001) from an average of 0.238±SD 0.070 liter/min per kg to an average of 0.833±SD 0.361 liter/min per kg. Diaphragmatic blood flow increased in 14 of the 16 animals. The one dog that had a fall in blood flow during hyperventilation had an unusually high level of diaphragmatic perfusion during the control period. Blood flow averaged 20±SD 5 ml/min per 100 g of diaphragm during quiet breathing, and 25+SD 5 ml/100 g during CO2-induced hyperventilation. The increase, though slight, was significant (P < 0.01). The greater diaphragmatic arteriovenous oxygen content difference was also significant (P < 0.01). Odi. ml/min!lOOg Hyperventilation consistently elevated diaphragmatic oxygen consumption, but to a variable extent (Fig. 7) . healthy dogs which inhaled 5% C02 or 5%o C02 and 14%
02. The line for each dog connects the points measured during quiet breathing and hyperventilation. cantly to 2.3+SD 0.8 ml of 02/min per 100 g during hyperventilation (P < 0.001).
The relationship between minute ventilation and diaphragmatic oxygen consumption can be examined in greater detail by comparing the ratio of the total diaphragmatic oxygen consumption, expressed in milliliters per minute, to the ventilation measured in liters BTPS per minte. In 16 normal animals, the ratio of diaphragmatic oxygen consumption to minute ventilation was 0.27±0.09 ml/liter during quiet breathing (Table III) .
Under comparable circumstances, the value of the ratio in the four animals with pneumonia was 0.36±SD 0.05 mi/ter (Table III) . Although this level of oxygen cost was slightly higher than in the healthy dogs, the difference was not significant (P < 0.1).
When minute ventilation and diaphragmatic oxygen consumption were increased by means of 5% CO or 5% CO and 14% 02 inhalation, the ratio of the increment in diaphragmatic oxygen consumption to the increment in minute ventilation averaged 0.13±SD 0.09 ml/liter. This value was significantly lower than the ratio of diaphragmatic oxygen consumption to ventilation measured during quiet breathing in the same animals (P < 0.001).
DISCUSSION
Validity of the method. The left inferior phrenic vein with its tributaries is the only major venous drainage system for the left hemidiaphragm in the dog. It does not anastomose significantly with other regional venous systems, including those draining the chest wall and the adrenal venous system. Blood can be sampled at 5-10 ml/min from the left inferior phrenic vein without contamination from the inferior vena cava.
Perfusion per unit mass of diaphragm was found to be quite uniform except at the periphery of the venous drainage area. The bulk of the flat muscle sheet has comparable radioactivity 3 min after cessation of a saturating AXe infusion, whereas there is more radioactivity in areas immediately adjacent to the chest wall and central tendon, and in the crural fibers. Since these latter areas represent the end of an essentially nonanastomotic vascular network, it is probable they receive less blood flow.
It was not possible to sample blood from individual venous tributaries. Nevertheless, the uniform distribution of radioactivity in the center of the diaphragmatic muscle suggests that blood flow to this area is uniform, and that use of the Kety-Schmidt method to measure diaphragmatic muscle blood flow is valid.
The average level of blood flow to the diaphragm, measured during quiet breathing, was 22±SD 6 ml/min per 100 g. This approximately half the level of diaphragmatic perfusion previously measured in this laboratory from the clearance of 1'Xe after intramuscular injection (4) . The difference in estimates might result from several factors. It is possible that the earlier estimate was too high, since analysis of the initial clearance rate-of xenon by the method of Lassen, Lindbjerg, and Munck (21, 26) yielded, on the average, a 20% lower blood flow value (4). It is also possible that the present estimate of blood flow is too low. No correction was made for the transit delay through the sampling catheter. At (27) . Other investigators have noted a 5-10% difference between arterial and coronary sinus blood indicator levels when either krypton or nitrous oxide was used to measure myocardial blood flow by the Kety-Schmidt method (15, (28) (29) (30) (31) . Several workers attributed the differences to inhomogeneity of blood flow within the myocardium, or to loss into epicardial fat (29) (30) (31) .
It was not possible to estimate the rate of loss of krypton from the perfused living diaphragm. Xenon diffuses very slowly from excised diaphragmatic strips, but the conditions are not comparable to those in perfused muscle. It must be pointed out that if there were a steady-state loss of tracer from tissue during a constant rate saturating infusion, then both tissue and venous blood tracer concentrations should be lower than arterial blood tracer levels. Further, muscle tissue and muscle venous blood tracer levels decay at virtually the same rate after cessation of a prolonged infusion of either hydrogen or xenon (19, 20) . Therefore, use of the venous tracer level as representative of equilibrium tissue level seems justified.
To summarize, blood flow to the diaphragm may have been overestimated by 20% when calculated from xenon clearance, and underestimated by 15% when calculated from the equilibrium level and integrated diaphragmatic arteriovenous difference of krypton. The combined effect of these correction factors is to yield quite similar estimates of blood flow to the diaphragm from both methods. During quiet breathing, diaphragmatic perfusion in the dog probably lies around 25 (Fig. 4) . These observations confirm previous results obtained by the xenon clearance method (4). The effect of hypotension on diaphragmatic blood flow was not studied.
The oxygen utilization of the diaphragm is rather constant during quiet breathing (Table I) . As with diaphragmatic blood flow, there is no correlation in the control period between diaphragmatic oxygen consumption and minute ventilation (Fig. 5) . The relative constancy of diaphragmatic oxygen consumption is independent of changes in blood flow. Whenever diaphragmatic blood flow is unusually high or low for quiet breathing, there is a reciprocal change in oxygen extraction. Hence a plot of diaphragmatic blood flow and arteriovenous oxygen difference fits a rectangular hyperbola that is an isopleth of diaphragmatic oxygen utilization (Fig. 6) . The value of this isopleth, 1.14 ml/min per 100 g, is very close to the measured average value of 1.2 ml/min per 100 g under control conditions. These data suggest a relative absence of autoregulation of diaphragmatic blood flow during minimal efforts.
Hyperventilation consistently and significantly increases diaphragmatic blood flow, arteriovenous oxygen difference, and oxygen consumption, but the changes are not large (Fig. 7) . If the average changes are expressed as a percent of control values, then a 100% increase in minute ventilation is associated with only a 13% increase in blood flow to the diaphragm, and a 19% increase in the diaphragmatic arteriovenous oxygen content difference. To support this increase in ventila-tion, diaphragmatic oxygen utilization is augmented by 40%.
Oxygen utilization by respiratory muscles is customarily related to the level of ventilation by determining the amount of oxygen required to provide a liter of ventilation. In the method of Liljestrand, oxygen cost is calculated as the quotient of the increment in whole body oxygen consumption caused by hyperventilation, and the increment in minute ventilation (5) . In like fashion, the diaphragmatic oxygen cost of breathing was computed from the increments in diaphragmatic oxygen consumption and minute ventilation. The average value in anesthetized animals that increased their ventilation some 240% over controls levels was 0.13±SD 0.09 ml 02/liter of ventilation (Table III) .
From the formula of Albers, which relates total body oxygen consumption to minute ventilation in the dog (12) , it can be estimated that 2.5 ml of oxygen are required to support a ventilation of 5 liter/min. Hence the oxygen cost of breathing is 0.5 ml/liter. This is approximately four times larger than the current estimate of the diaphragmatic oxygen cost of breathing. It has been suggested that the apparatus used by Albers had a high internal resistance to air flow (13) . Another reason for the discrepancy may lie in the marked differences in experimental techniques.
The most important factor in evaluating the relationship between minute ventilation and diaphragmatic oxygen consumption is the extent to which any level of ventilation is supported by inspiratory muscles other than the diaphragm. It is generally accepted that the diaphragm is the major or sole muscle employed during quiet breathing (32) . Fluoroscopic observation revealed relatively uniform diaphragmatic excursion when dogs breathed quietly, but this could not quantified. There were no obvious differences in the way the diaphragms moved in the animals with pneumonia.
It was not possible to assess recruitment of other inspiratory muscles in this study. In the rabbit extradiaphragmatic muscles contribute an average of 25% of the tidal volume when tidal volume is maximal during rebreathing. However, there is considerable variation in individual animals (32) . Such variation would help to explain the large scatter in the estimates of the diaphragmatic oxygen cost of breathing.
Another cause of scatter in these estimates may be differences in airway resistance. Some animals without overt pneumonia had much more bronchial secretion than others.
Despite the variation, it is readily apparent that the increase in diaphragmatic energy expenditure required for modest levels of hyperventilation is small. For example, the diaphragm of a typical 20-kg dog weighs 110 g. During quiet breathing at 5 liters/min, the diaphragm would consume about 1.3 ml of oxygen/min. Of this, about 0.8 ml of Os/min is needed for basal metabolism, and 0.5 ml of 02/min is required to support ventilation. The oxygen cost to the diaphragm of quiet breathing is, therefore, 0.5/5 or 0.10 ml/liter. When the animal breathes at 20 liter/min, the increased ventilation is accomplished at an oxygen cost to the diaphragm of 0.13 ml/liter. Hence the increase in diaphragmatic oxygen consumption would be 15 X 0.13 or about 2 ml/min.
The chance occurrence of multilobar pneumonia in four dogs provided some insight on the effect of a restrictive pulmonary disease on the energetics of the diaphragm. At the same level of anesthesia as used for normal animals, the sick dogs hyperventilated (Table I) . Their diaphragmatic blood flow and oxygen consumption were also above normal (Table I) , and tended to be proportional to the increased ventilation (Fig. 4) . The oxygen cost of increasing ventilation was not measured in these animals, but the ratio of diaphragmatic oxygen consumption to minute ventilation during the control period was not significantly different from the ratio found in healthy animals (Table III) .
This unexpected result makes it appear that it is almost as easy to ventilate stiff lungs as it is to ventilate normal lungs. The following example indicates otherwise. A typical sick dog weighing 20 kg breathes 10 liter/ min, and its-diaphragm consumes 3.3 ml of oxygen/ min. If the basal metabolism of the diaphragm is normal, then about 2.5 ml of oxygen are expended to support the minute ventilation. Thus, the diaphragmatic oxygen cost of breathing is 2.5/10 or 0.25 ml/liter. Pneumonia increases diaphragmatic oxygen consumption through two mechanisms. First is the increase in minute ventilation per se, and second is the two-to threefold increase in the energy required for each liter of ventilation.
